Electrodeposition is a widely used method to protect metallic materials from corrosion. Electrodeposited coatings provide the metal substrate with both cathodic protection and a barrier effect. The corrosion resistance achieved with this type of zinc-electroplating process in increased by adding nanometric materials to the electrolytic bath. In the present research, coatings were obtained by electrodeposition of pure zinc, Zn-TiO2 and Zn-ZnO nanoparticles. The coatings were generated by immersion in a chloride acid bath applying a current density of 0.05 and 0.10 A/cm 2 for 1 min and adding 2 g/l of TiO2 or ZnO nanoparticles. Corrosion behaviour was evaluated with potentiodynamic polarization curves and the electrochemical impedance spectroscopy (EIS) technique using a 3.5% NaCl test solution. After electrochemical testing, the coating surface morphology was analysed by scanning electron microscopy (SEM) and the atomic composition by energy dispersive X-ray spectroscopy (EDS). The electrodeposited coating thickness was measured using the ultrasound technique. The coating thickness was less than 2.5 μm and its corrosion resistance increased with the addition of nanoparticles.
INTRODUCTION
Current trends in electroplating are moving towards the production of surface coatings that are not only visually attractive but also functional structures. The electrodeposition of different solutions focuses on achieving a controlled and defined solid/electrolyte interface where these functional structures can be formed. The need to develop coatings with improved corrosion resistance to aggressive environments is also receiving growing interest as a result of the increasing demand for industrial components with a longer service life. Steel is one of the most widely employed materials in industry due to its low cost and recyclability, but its use is limited by its low corrosion resistance. Coatings have long been applied to protect steel from corrosion, and galvanized coatings (zinc coating, tropicalized, paints and organic coatings) are among the most used. Electrodeposition is one of the commonest methods for growing a deposited coating and the electrodeposition of zinc (applied on the surface of a steel substrate) is one of the most popular processes for protecting steel. The electrochemical deposition processes requires the presence of an anode, a cathode, an electrolytic solution containing ions of the material to be deposited on the substrate, and an external power source. Besides being cheap and very simple, the electrodeposition method usually produces materials or nanostructures that cannot be obtained by other deposition techniques [1] .
Several studies have shown that particles electrochemically embedded in the coating confer the final electrodeposited coating with special properties that can respond to different industrial applications, such as wear resistance, self-lubrication and corrosion resistance [2−4] . Zinc coatings are widely used on steel substrates to control the corrosion process, and in this respect zinc alloy coatings present better corrosion resistance than pure zinc coatings. Compound coatings containing zinc and nanoparticles such as carbon nanotubes, TiO2 nanoparticles, silica, silicon carbide, ceramic powders and Fe2O3, are becoming increasingly important thanks to their improved corrosion resistance properties [5−8] . The properties of composite zinc-nanoparticle coatings can be set to the desired level by adjusting the amount of nanoparticles in the coating and the electrochemical parameters of the manufacturing process [9, 10] .
Some studies have shown that electrochemically generated compound coatings of zinc with carbon nanotubes exhibited excellent corrosion resistance in aggressive media containing chlorides. Similar studies reported that nanocomposites with black carbon, Zn-TiO2 and Zn-carbon nanoparticles afford improved corrosion protection to steel [11, 12] . Zinc nanocomposite coatings are usually obtained by the electrodeposition method due to the fact that this a simple, low-temperature process with a high deposition rate and a low cost, in which the nanoparticles adhere well to the matrix of the material to be coated, with simultaneous reduction of the metal ions found at the electrode/solution interface [13−16] .
The aim of this paper is to assess the corrosion behaviour of zinc nanocomposite coatings generated in an electrolytic bath containing zinc ions and nanoparticles of TiO2 and ZnO. The electrochemical properties of the composite coatings have been studied by potentiodynamic polarization and electrochemical impedance spectroscopy techniques using a 3.5% NaCl test solution.
EXPERIMENTAL PROCEDURE
Pure zinc and composite coatings (TiO2 and ZnO) were electrodeposited on a 1018 carbon steel substrate with the chemical composition: 0.18 wt.% C, 0.8 wt.% Mn, 0.04 wt.% P, 0.05 wt.% S, balance Fe, using an electrolytic bath solution. The chemical composition of the bath solution was: ZnCl2 (90 g/l), KCl (100 g/l), Na3C6H5O7·2H2O (10 g/l), EDTA-2Na (4 g/l), H3BO3 (35 g/l), and 2 g/l of TiO2 or ZnO nanoparticles. The electrochemical cell used high purity zinc 99.99% as the anode, and 1018 carbon steel as the cathode. The anode was activated by immersion in a 10% HCl solution for 30 s and immediately after rinsed with distilled water. Fig. 1 shows the electroplating procedure. Experimental tests were performed at 25 ºC temperature, 1 min immersion time in the bath solution and pH 4. The electrodeposition process under galvanostatic conditions was carried out using a conventional DC power source, applying a current density of 0.05 A/cm 2 The ultrasound technique was used to measure the final thickness of the coatings. The surface morphology was analysed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).
Corrosion experiments were performed by immersion of the coated specimens, with an exposed surface area of 1.0 cm 2 , in a 3.5% NaCl solution, pH neutral at 25 ºC temperature.
A conventional 3-electrode cell configuration was used for electrochemical studies. The coated steel specimens with pure zinc, Zn-TiO2 or Zn-ZnO were used as the working electrode. A saturated calomel electrode (SCE) and a platinum mesh were used as reference and counter electrode, respectively. Electrochemical measurements were carried out using a Gill-AC potentiostat/galvanostat/ZRA from ACM Instruments. Potentiodynamic polarization curves were recorded at a sweep rate of 60 mV/min, according to ASTM G5-11 standard [17] . A potential scan range was applied between −300 mV and +1500 mV vs. SCE. Electrochemical impedance spectroscopy (EIS) measurements were recorded at the corrosion potential (Ecorr) over a frequency range from 10 kHz to 10 mHz, obtaining 10 points per decade and applying 10 mV r.m.s. amplitude according to ASTM G106-15 standard [18] .
RESULTS AND DISCUSSION

Coating Thickness
The thickness of the pure zinc, Zn-TiO2 and Zn-ZnO composite nanoparticle coatings is shown in Fig. 2 . It can be seen that the pure zinc coating is thicker than composite coatings containing Zn-TiO2 and Zn-ZnO nanoparticles (except for pure zinc using a 0.05 A/cm 2 current density and Zn-ZnO), probably due to the fact that the addition of nanoparticles causes a modification in crystal growth and increases the number of nucleation sites, thus reducing the grain size [7] . The growth of electrodeposited layers is a competition between nucleation and crystal growth, and as nanoparticles provide more nucleation sites, they therefore retard crystal growth.
Figure 2.
Electrodeposited pure zinc and zinc-nanoparticle (Zn-TiO2 and Zn-ZnO) coating thickness. (Fig. 4(a) ) and Zn-TiO2 (Fig. 4(c) ) deposits, revealing non-uniform crystal growth. These coatings present a hexagonal morphology and the specimens with nanoparticles show a smaller grain size. The crystals are homogeneous and randomly size-distributed in the pure zinc and Zn-TiO2 composite coatings. The Zn-ZnO coating, Fig. 4(e) , shows a homogeneous fibre morphology. In the EDS spectra, Fig. 4(b,d,f) , the presence of Zn and a very small Fe signal is observed. During the electroposited process the crystal size was controlled by the formation rate of new nucleation sites or the crystal growth rate. Fine-grained deposits are generally obtained with a faster formation of nucleation sites as a result of heterogeneous nucleation. 
Coating Surface Morphology
SEM
Potentiodynamic Polarization
The potentiodynamic polarization for pure zinc, Zn-TiO2 and Zn-ZnO composite coating specimens are shown in Figs. 5 and 6. Coatings were electrodeposited using 0.05 A/cm 2 and 0.10 A/cm 2 current densities, respectively, and immersed in a 3.5% NaCl test solution. The polarization curve shifts to more positive potentials in the case of specimens with Zn-TiO2 and Zn-ZnO nanoparticles. This potential ennoblement may be produced by compactly electrodeposited zinc layers, presenting very homogenously distributed nanoparticles on zinc grains, without secondary or segregated phases, as shown in Fig. 4 . The shift in potential to more positive values is the result of zinc oxide stability formed in a neutral or slightly alkaline solution. In the cathodic direction this change reduces the hydrogen evolution process and the corrosion rate. Thus, polarization curves show that corrosion rate decreased when different nanoparticles were added during the electroposited process. Figure 5 . Potentiodynamic polarization curves for pure zinc coating and composite coatings samples Zn-TiO2 and Zn-ZnO obtained using a current density of 0.05 A/cm 2 and immersed in 3.5% NaCl solution.
The Potentiodynamic polarization present two different crossover potentials for all three electrodeposited specimens, which may be explained as alternate cathodic and anodic behaviour of the system, depending mainly upon the partial current density sign for each process (positive for anodic and negative for cathodic processes). Thus explaining the increase of the total current density for the anodic process, up to 0.01 mA/cm 2 , and suddenly after a protective layer formed, the final resulting current density sharply decreases down to 10 -6 mA/cm 2 , The loop at potentials near −1200 mV vs. SCE may be attributed to the protective formation of a ZnO film, i.e. during the oxidation of zinc a release of Zn 2+ species occurs, thus forming oxides that may be deposited on the metal surface and hinder the subsequent dissolution of the electrodeposited zinc coating. The anodic process of zinc was completed after a higher current density value was achieved, 20 mA/cm 2 , leading to complete dissolution of the electrodeposited coating. Furthermore, the protective layer loss enables the activation and further corrosion of the steel substrate. As observed in the polarization tests (Figs. 5 and 6 ), the curves presented a loop close to -600 mV vs. SCE, thus corresponding to the redox potential of iron.
It may be pointed out that the influence of the pH value conditions and oxygen content in the test solution play an important role in the corrosion behaviour of electrodeposited iron substrates. Thus the Fe-Zn/electrolyte system presents completely different behaviour depending on the pH and oxygen concentration. Corrosion dissolution of the zinc alloy surface on the steel substrates exposed to chloridecontaining solutions varies according to the pH. In the outermost electrodeposited zinc layer, the pH presents a high value. Figure 6 . Potentiodynamic polarization for pure zinc coating and Zn-TiO2 and Zn-ZnO composite coating samples obtained using a current density of 0.10 A/cm 2 and immersed in 3.5% NaCl solution.
The zinc oxidation half-reaction shown in Eq. (1) accounts for the high pH indicated as a result of the anodic zinc dissolution process, where the oxygen reduction half-reaction delivers OH − ions, Eq.
(2). The zinc oxidation overall reaction is presented in Eq. (3). The surface areas in contact with the electrodeposited zinc layer present a low pH value, and this lower pH is promoted by the zinc metal acid hydrolysis according to Eq. (4) The nanoparticle composite coatings of Zn-TiO2 and Zn-ZnO (using both 0.05 and 0.10 A/cm 2 current density) are stable in contact with the 3.5% NaCl aggressive medium when compared to the pure zinc coating. Table 1 ).The effect of TiO2 and ZnO nanoparticles on corrosion behaviour is to minimize the appearance of defects that act as active sites for corrosion. On the other hand, it may be that the TiO2 and ZnO nanoparticles are evenly distributed on the surface and behave as a passive layer. Current density will affect the deposition rate, current efficiency the Zn-TiO2 and Zn-ZnO composite coating [20, 21] . 
Electrochemical Impedance Spectroscopy
Figs. 7 and 8 present Nyquist plots of pure zinc, Zn-TiO2 and Zn-ZnO composite coatings deposited using 0.05 and 0.10 A/cm 2 current density, respectively, and immersed in a 3.5% NaCl test solution. These figures also show the fitting data of the EEC model (see Figs. 7 and 8 upper part), which matches well with the experimental data shown as individual points. The agreement of the data and the low χ 2 values corroborate the accuracy of the proposed EEC model. Table 1 depicts the EIS results of the best fitting procedure, where Rct is the charge transfer resistance (inversely proportional to the corrosion rate) and Rs is the solution resistance, which is approximately constant (15.14−18.84 Ω cm 2 ), see Table 2 . The distributed electrical parameter, the constant phase element (CPE), is defined by CPE = ( ) −1 ( ) − , where Yp is the admittance, j 2 =( -1),  is the angular frequency (rad/s), and the dimensionless n (−1<n<1) is the power of the CPE [22] . The value of Yp is of the order of the doublelayer capacitance (10−100 µF/cm 2 ) typical of a charge transfer process [23] . The Nyquist plots (Figs. 7 and 8) show the formation of a well-defined capacitive semicircle at high-medium frequencies, modelled by the CPE (the non-ideal capacitance) and the charge transfer (Rct) parameter corresponding to the corrosion process. There is also the presence of an inductive loop at low frequencies, located in the fourth quadrant of the Nyquist plot, which may be attributed to the formation of a protective ZnO/Zn(OH)2 layer as a result of Zn 2+ species released during the anodic process reacting with OH -ions, as indicated above. A competitive adsorption-desorption process of passivatingdepassivating species [24−26] , which was modelled by the CR1 network with negative values for both C and R1 parameters (see Table 2 ), thus gives a positive time constant (τ=CR1) [27] . The Nyquist plots for a 0.05 A/cm 2 current density (Fig. 7) have a Rct value of 3448.10 Ω cm 2 for the pure zinc coating, 390.70 Ω cm 2 for the Zn-TiO2 nanoparticle coating, and 1950.04 Ω cm 2 for the Zn-ZnO nanoparticle coating. The lowest Rct value corresponds to the highest corrosion rate, in this case for the Zn-TiO2 nanoparticle composite coating, see Table 1 . These results indicate that the incorporation of TiO2 nanoparticles does not improve the corrosion resistance, whereas the incorporation of ZnO nanoparticles does. Impedance results for specimens obtained using a 0.10 A/cm 2 current density (Fig. 8 ) also show a capacitive loop at high-medium frequencies and an inductive loop below the real axis defined at low frequencies, which may be attributed to adsorption-desorption processes originated by nanoparticles on the electrode surface, similarly to Fig. 7 (for 0.05 A/cm 2 current density). The inductive loop for 0.10 A/cm 2 (see Fig. 8 ) is better defined than for specimens obtained using a 0.05 A/cm 2 current density (see Fig. 7 ). This different behaviour may be attributed to the fact that the microstructure of the coating is more compact and homogeneous. Nevertheless, the coating generated with pure zinc has a Rct value of 748.12 Ω cm 2 lower than the Rct for pure zinc (3448.10 Ω cm 2 ) using 0.05 A/cm 2 current density, see Table 1 . The Rct value of 748.12−2107.00 Ω cm 2 for pure zinc, Zn-TiO2 and Zn-ZnO nanoparticles indicates a higher corrosion resistance than the coatings obtained using a 0.05 A/cm 2 current density, with the exception of the pure zinc coating, as indicated above. The incorporation of TiO2 and ZnO nanoparticles improves the corrosion resistance of the zinc coating. These results agree well with polarization results (Fig. 5 and 6 ). The corrosion behaviour of the coatings with incorporating nanoparticles may be due to the fact that the addition of these components promotes a uniform coating, inhibits the evolution of hydrogen at the cathode, and achieves greater refinement of the grain size of the coating. Some authors have suggested several hypotheses to explain the effects of nanoparticles on corrosion resistance, such as an increase in the cathode surface area due to the adsorbed particles, which change the texture promoted by the nanoparticles and component migration [28, 29] , and the turbulent flow caused by the nanoparticles [30] . Finally, electrochemical tests revealed that zinc composite coatings containing ZnO nanoparticles obtained using a 0.10 A/cm 2 current density presented higher corrosion resistance than either the pure zinc coating or the composite coatings containing TiO2 nanoparticles. An increase in current density leads to a more rapid deposition of the metallic matrix, depends on the nano particles characteristic (type, size and shape) [31] .
CONCLUSIONS
• Coatings containing Zn-nanoparticles and with a thickness of less than 2.5 µm were successfully electrodeposited on steel sheets from a zinc electrolyte.
• The nanoparticle-containing electrodeposited coatings of Zn-TiO2 and Zn-ZnO, obtained using 0.10 A/cm 2 of current density, showed good corrosion resistance when evaluated using potentiodynamic and impedance electrochemical techniques.
• The electrodeposited coated steel substrate presented a corrosion process around -1.2 V vs. SCE, thus showing a huge gap compared to the anodic dissolution found for an iron substrate (approximately at -0.6 V vs. SCE), thus indicating that zinc and Zn-TiO2 or Zn-ZnO composite coatings containing nanoparticles (TiO2 and ZnO) cathodically protected steel by acting as a sacrificial anode.
• The corrosion current density was lower in the composite coating electrodeposited using a 0.10 A/cm 2 current density with additions of ZnO nanoparticles.
